Most fluorescence fluctuation experiments use a stationary laser beam to illuminate a small sample volume and analyze the temporal behavior of the fluorescence fluctuations within the stationary observation volume. Scanning of the laser beam in a circular pattern collects the fluorescence signal from a moving observation volume. The fluctuations contain now information about temporal and spatial properties of the sample. Synchronization between beam scanning and data collection allows us to evaluate the fluctuations for every position along the scanned trajectory. We present the theory of position-sensitive scanning fluorescence fluctuation spectroscopy and experimentally verify the theory. This technique is useful for detecting and characterizing directed transport processes in the presence of diffusion.
INRODUCTION
Fluorescence correlation spectroscopy (FCS) determines information about the dynamics and concentration of biomolecules from fluctuations in the fluorescence signal. The correlation function describes the temporal properties of the intensity fluctuations and is used to characterize diffusion and other kinetic processes. FCS probes temporal correlations, but because it observes fluctuations from a stationary volume it is insensitive to spatial correlations. Information about spatial correlations is of interest whenever the physical properties depend on position. For example, the concentration of particles and their flow speed varies spatially within microfluidic devices. Biological cells are spatially non-uniform and contain compartments that restrict the free diffusion of proteins across the cell. Changing to a moving observation volume introduces spatial sensitivity into FCS, and is readily achieved by scanning the exciting laser beam across the sample. This technique is also referred to as scanning FCS (SFCS) in the literature [1] [2] [3] [4] [5] . Many different scan trajectories are feasible. But, simplicity dictates a scan path that is closed and of simple geometry in order to allow the derivation of analytically tractable models. A circular scan path is the most straightforward to use 1 . Two parameters characterize its path, the scan radius and the time-dependent phase angle.
So far SFCS has been used to calculate correlations as a function of lag time , but the spatial information embedded in the signal has not been explicitly considered. In order to make use of spatial information we synchronize data acquisition and the movement of the galvanic mirrors that scan the beam. By introducing a direct relationship between the fluorescence signal and its position at all times, we are able to introduce position-sensitive SFCS (PSFCS), where correlations are calculated as a function of lag time and position. Because the radius stays constant for a circular scan path, each scan position is uniquely characterized by its corresponding phase. Thus, we will calculate correlations as a function of lag time and phase. We also refer to this technique as phase-sensitive SFCS. This manuscript introduces the technique and develops theoretical models for three experimentally relevant situations: free diffusion, diffusion in the presence of uniform flow, and immobilized particles. We also present experimental data for each of the three different cases to support our theory.
We introduce our procedure to calibrate the galvanic scan mirrors in order to map applied voltage and frequency to the scan radius and position at the sample. Next we consider regular SFCS and fit experimental data for freely diffusing molecules to theory. Because the influence of uniform flow on regular SFCS has not been considered yet, we first discuss this case before moving to position sensitive SFCS. One of our motivations for developing position-sensitive SFCS lies in applying the technique inside single cells. As proof of principle that our technique works in cells we present position-sensitive SFCS data of EGFP measured in COS cells.
MATERIALS AND METHODS
The sample is excited with a mode-locked titanium-sapphire laser (Tsunami Spectra Physics, Mountain View CA) operating in the near IR. The laser beam is scanned in a circle using an X-Y galvonometer scanner (Model 6350 Cambridge Technology, Cambridge MA) driven by a computer-controlled arbitrary waveform generator (AWG) (PC Instruments, Lawrence KA). The beam passes through a beam expander before entering a modified Axiovert 200 microscope (Zeiss, Göttingen Germany). A 63x oil immersion objective with a numerical aperture of 1.4 (Zeiss, Goettingen Germany) focuses the laser light into the sample. Fluorescence is collected with the same objective, passes through a dichroic filter (675dcsxr, Chroma Technology, Rockingham VT) and the tube lens before entering a 40X objective (Olympus, Melville NY) for descanning of the beam. A 100 µm fiber is positioned at the afocal point of the optical system. The fiber is coupled to an APD (Model SPCM-AQR-14, Perkin Elmer, Vaudreuil Canada) connected to an FCS data acquistion card (ISS, Champaign IL), which stores the signal in a computer file for further analysis.
Position-sensitive scanning requires that the location of the beam in the sample is known accurately for every photon event registered by the data acquisition. Thus, in order to interpret data correctly we calibrated the scanner system in detail. A position sensitive device (Pacific Silicon, West Lake Village, CA) was mounted on the microscope stage in order to monitor the position of the beam in real-time with an oscilloscope. The beam was focused onto the position sensitive device with a 10X objective (Zeiss, Göttingen Germany). The electronics that control each scan mirror creates a time delay between the input signal and the output. The time delay of each mirror is determined by monitoring the phase shift between the sinusoidal input voltage to the electronics and the output signal from the PSD with the oscilloscope. All our experiments use a scan frequency of 2 kHz. At this frequency the time delay corresponds to a phase delay of 260° and 250° for the x-and y-mirror, respectively. Thus, we create a circular scan by applying sinusoidal voltages that are phase shifted by 100°. The amplitude of the input voltage was varied and the radius was measured using the PSD output. We converted the values obtained with the 10X objective to that for a 63X objective by dividing by 6.3. The scan radius varies linearly with the applied voltage, as shown in figure 1A below. We also examined the attenuation of the radius as a function of the scan frequency by applying a fixed amplitude of 200 mV and measuring the radius while varying the frequency. The experimental attenuation curve is shown in Figure 1B . 
This algorithm was implemented in a program written in IDL (Research Systems, Boulder CO) and used to analyze the data. The correlation functions generated in all experiments were fit with Mathematica (Version 4.2, Wolfram Research Inc., Champaign IL).
For calibration of our instrument's beam waist we obtained standard FCS data of a fluorescein sample and fit the autocorrelation function while fixing the diffusion coefficient to 300 µm 2 /s. The resulting beam waist was typically 0.37 ± 0.05 µm. Alexa488 dye diluted in a solution of ~60% glycerol and ~40% water was used to obtain data in the presence and absence of flow. Flow experiments were conducted by mounting a capillary onto the microscope stage and loading sample solution into a syringe connected to the capillary via teflon tubing. In vivo measurements were performed in the nucleus of COS cells expressing EGFP protein. 26nm fluorescent spheres (Duke Scientic, Palo Alto CA) were dried to a coverslip for immobilization experiments.
THEORY AND RESULTS
The point spread function (PSF) used in this study is assumed to have a squared two-dimensional Gaussian intensity profile,
In Eq. [2] r K is the position vector from the origin of the PSF, A is the maximum of the intensity at the sample, and w 0 is the beam waist of the incident beam. SFCS differs from FCS in that the origin of the PSF is time-dependent. In order to adapt the PSF for the case of SFCS we introduce a time dependent scan vector
which describes a circular path with a scan radius r S and a scan frequency of . The time dependent PSF is given by ( ) 
where φ describes the initial phase offset at time t = 0. This PSF is used to calculate the SFCS autocorrelation function for various physical models.
The autocorrelation function of SFCS for randomly diffusing particles has been previously described for two-photon excitation. 1 Its functional form for the two-dimensional Gaussian PSF described above is given by:
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This function can be factored into two separate functions as shown by the second equality. The first factor G D is the regular FCS autocorrelation function for diffusing particles which depends on the diffusion time τ D and the correlation amplitude g 0 . The diffusion time is determined from the beam waist w 0 and the diffusion coefficient D of the molecule and is equal to 2 0 8 w D . The correlation amplitude g 0 is inversely proportional to the average number of particles within the scan volume. The second function S is called the scan factor and is responsible for the periodic modulation of the autocorrelation function. The scan factor depends on the frequency , the diffusion time τ D and the scan parameter ρ. The scan parameter is a unitless measure of the scan radius and is equal to 0 S r w , where r S is the scan radius. In figure 2A below we see the theoretical autocorrelation curve for SFCS (solid line) given by Eq. [5] along with the autocorrelation in the absence of scanning (dashed line), G D (τ). Note that the regular FCS autocorrelation function envelopes the scanning autocorrelation curve. Figure 2B shows experimental correlation curves of an Alexa488 dye randomly diffusing in a solution of glycerol and water. We used our calibration measurement to fix the radial scan parameter ρ and obtained the diffusion time from a fit of the data to Eq. [5] . The fitted diffusion time is in excellent agreement with the diffusion time obtained from regular FCS data as described in the caption of Figure 2 . In addition, the regular FCS autocorrelation curve envelops the SFCS autocorrelation function as predicted by the theory. . The radial scan parameter ρ was fixed to 0.59. The regular FCS autocorrelation curve (triangles) is shown as well. Fitting of the SFCS and FCS data give diffusion times of τ D = 0.70 ± 0.04 ms and 0.69 ± 0.02 ms, respectively.
We now extend SFCS to the case of diffusion in the presence of uniform flow. The derivation follows closely the methods outlined in previous manuscripts 6, 7 . The autocorrelation function is calculated for a sample that flows at speed v in the direction of the velocity vector, propagates with respect to a standard right-handed coordinate system, which we introduced for convenience. We arrive at the following expression for the correlation function of SFCS in the presence of uniform flow and diffusion:
The function ( ) DF G τ is the autocorrelation function for diffusion and flow without scanning and has been described elsewhere 6, 8 as
The flow time τ F relates the speed of flow to the beam waist of the instrument and equals 0 w v . The function I 0 in Eq. [6] denotes the incomplete Bessel function of zeroth order. The second equality shows that the correlation function factors into the autocorrelation function for diffusion and flow G DF ( ) and a diffusion-flow scan factor S DF ( ), which factors into the scan factor for diffusion S D ( ) and the Bessel function. The expression shown in Eq. [6] is plotted below in Figure 3A (solid line) along with the corresponding regular FCS function in the absence of scanning (dashed line).
Here we see an interesting feature associated with scanning the flowing sample. The regular or unscanned FCS function no longer envelopes the maxima of the SFCS curve at all times, but exhibits a crossover point. After this point ( The function ( ) PSF , f t φ is integrated over the whole measurement time T and the delta function ensures that only times where the phase equals φ are sampled. Next, we define angle dependent fluctuations as
where F φ denotes the average value of the fluorescence at angular position φ. The position-sensitive autocorrelation function G PSFCS is defined in terms of Eq.
[9] as
[10]
The position-sensitive autocorrelation function is normalized by the product of the average fluorescence at phase angles φ and φ W. We call this particular choice of normalization angle dependent normalization.
We now apply the theory of position-sensitive SFCS to diffusing particles in the presence of uniform flow. 
This function factors into previously defined functions that are multiplied by an angle dependent exponential, which carries the dependence on flow direction θ. In figure 4 we plotted Eq.
[11] as a function of the phase angle φ and lag timeτ. For this particular model flow was chosen along the negative x-axis, which corresponds to θ = π. We see that correlations decay fastest for φ = π because at this position flow transports particles away from the scanned circle. In other words, particles will not cross the scan circumference at a later time. However, for φ = 0 or 2π we see the slowest decay because particles are seen by the scanned beam at a later time as they cross the scan circumference. This reappearance of particles acts as an additional source of fluctuations. This situation is similar to standard SFCS in the presence of flow as described above. Phase-sensitive SFCS, in contrast to standard SFCS, allows the determination of the flow direction, as will be demonstrated next.
We now apply our theory of position-sensitive SFCS to analyze experimental data. The same data that were used in figure 3B to verify SFCS theory in the presence of flow and diffusion are now analyzed with the position-sensitive algorithm shown in Eq. [1] . We exploit the fact that the data were collected using synchronized scanning and acquisition clocks. The data were taken with flow directed along the negative x-axis of our lab frame coordinate system. The calculation generates the surface correlation function shown in figure 5A . The best fit of the surface correlation function to Eq.
[11] is shown in figure 5B . The similarities between fit and original data are clearly visible with the fastest decay occurring near a phase angle of φ = π (180°) as expected. The radial parameter ρ was fixed during the fit to 0.97, which corresponds to the previously calibrated value. The fit yields a flow time of τ F = 0.63 ± 0.01 ms and a flow direction of φ = 178.8 ± 0.5°. The fitted direction is within 1.2° of the value expected for the experimental setup. Figure 4 : Position-sensitive SFCS autocorrelation function for diffusion in the presence of uniform flow. The correlation function was calculated for flow in the negative x-axis, which corresponds to a phase angle θ = π in a standard right-handed coordinate system. The diffusion and flow times are both 1 ms and the radial scan parameter is 1.
We now examine the case of a purely diffusing species. The position-sensitive correlation function for this special case is directly obtained from Eq.
[11] by taking the limit
[12]
This limit eliminates the influence of flow from our previous model and provides a model for the diffusion only case. We see that the position sensitive correlation function is independent of phase angle φ, as expected, because diffusion is isotropic. One of the motivations for developing the position-sensitive technique is the characterization of proteins in cells. We measured enhanced green fluorescent protein (EGFP) in COS cells to demonstrate that in vivo applications of our technique are feasible. We expect that EGFP is randomly diffusing within the cell and anticipate a positionsensitive correlation function of the form shown in Eq.
[12]. Data was obtained by scanning the nucleus of a COS cell that expressed EGFP and position-sensitive analysis was performed. The experimental autocorrelation surface is shown in figure 6A . The experimental data are fitted to Eq.
[11] in order to detect flow, if present. The best fit is shown in figure 6B with fit parameters of τ D = 0.98 ± 0.03 ms and τ F ~ 320 ms. The absence of flow leads to apparent flow times that are much larger than the diffusion time, τ F >> τ D , as observed. The value for θ is also consistent with the absence of flow and is undetermined with values of 110 ± 690°. Fitting the experimental data to Eq.
[12] leads to the same correlation surface as shown in figure 6B . In other words, EGFP in the nucleus is well described by random diffusion. Finally, we apply position-sensitive SFCS to the case of an immobilized fluorescent particle. Immobilized particles present a problem for standard FCS measurements, because such particles do not create fluctuations, but only add to the background. However, scanning of the PSF across an immobilized particle introduces time-dependent variations of the fluorescence signal. In other words, both SFCS and PSFCS are sensitive to the presence of an immobilized particle. To derive the autocorrelation function for an immobilized particle we define the particle location by
[13]
The fluorescence signal from the immobilized particle is described by
where is the photon count rate of the immobilized particle when located at the center of the PSF. Fluctuations are defined as
and the position-sensitive correlation function for an immobilized particles is defined as
[16]
Note that in the above equation we use a different normalization than the one previously introduced (see Eq.
[10]). Normalizing with the total average of the fluorescence im F is consistent with our definition of fluctuations in Eq. [15] . With the above definitions we derive the position-sensitive autocorrelation function for an immobilized particle as ( ) . The data and fit are shown in figure 7. Figure 7 : Experimental SFCS correlation function (diamonds) of an immobilized particle. The radial scan parameter was fixed to the value obtained from calibration. The fit (solid line) of the data to Eq.
[18] was used to obtain the radial position of the particle. The fit yields a p = 0.61 ± 0.08 µm.
The position-sensitive correlation function was calculated for the same data according to Eq.
[16] and is shown in figure 8A . The data clearly show the signature of an immobilized particle located bHWZHHQ SKDVH DQJOHV RI DQG The best fit of the data to Eq.
[17] is shown in figure 8B . The radial scan parameter was fixed to its calibrated value. The fit obtains the radial and angular position of the particle. We arrived at a p = 0.65 ± 0.09 µm which is in good agreement with the result from the SFCS analysis shown above. In addition, we determined the phase angle as θ = 234.9 ± 0.6°. 
SUMMARY AND CONCLUSION
We setup and calibrated a two-photon SFCS system and applied the technique to a diffusing dye solution in order to verify the previously developed theory 1 . So far, experimental SFCS autocorrelation functions were solely fit to the peak values of the correlation function. The theoretical model fits our experimental correlation function within experimental error, and the parameters we obtained are in good agreement with the parameters obtained from separate, independent experiments. Next, we extended SFCS theory by developing a model that incorporates uniform flow and diffusion. In addition, we derived an expression for the SFCS autocorrelation function of an immobilized particle.
This manuscript introduces the theory of position-sensitive SFCS, which contains more information than regular SFCS, because it harnesses the spatial information embedded in the scanned point spread function. We applied both SFCS and position sensitive SFCS to various model systems and verified that the theory describes the data well. Most notably, we determined the direction of motion for a system undergoing flow and also the position of an immobilized particle using the position sensitive technique.
The motivation for developing the position sensitive technique is to create a versatile technique for the characterization of proteins in living cells. The model systems we discussed in this paper are also realized in cells. Proteins may be immobilized, diffuse randomly, or undergo some form of active transport, such as flow. Thus, in order to show that our technique is applicable in cells, we measured EGFP in the nucleus of a COS cells. PSFCS analysis of the data confirmed the presence of random diffusion of EGFP in cells. These experiments open the door for in vivo measurements of more complex conditions by the position-sensitive technique.
